Abstract. The Galileo spacecraft has been periodically monitoring volcanic activity on Io since June 1996, making it possible to chart the evolution of individual eruptions. We present results of coanalysis of Near-Infrared Mapping Spectrometer (NIMS) and solidstate imaging (SSI) data of eruptions at Pele and Pillan, especially from a particularly illuminating data set consisting of mutually constraining, near-simultaneous NIMS and SSI observations obtained during orbit C9 in June 1997. The observed thermal signature from each hot spot, and the way in which the thermal signature changes with time, tightly constrains the possible styles of eruption. Pele and Pillan have very different eruption styles. From
Introduction
This paper concentrates on two very different volcanic centers on Io: the volcanoes Pele and Pillan. Plate 1 shows two images, obtained by the solid-state imaging (SSI) experiment on the Galileo spacecraft, of the region of Io containing Pele and Pillan Patera. These images show the effects of the large eruption of Pillan that produced the dark deposits in the righthand image between April and September 1997.
The Galileo spacecraft entered orbit around Jupiter in December 1995 and began monitoring Io's volcanism in June 1996. One of Galileo's primary objectives was to observe volcanism on Io at every opportunity, and such observations have revealed much. For example, lavas erupting at silicate liquidus temperatures are common (the most exciting described by McEwen et al. [1998a] ). Nighttime and eclipse observations of Io with the Near-Infrared Mapping Spectrometer (NIMS) and the solid-state imaging experiment (SSI) have been of particular importance. The rare occasions when nearly simultaneous observations have been obtained are especially useful. It has proved possible to track thermal emission from a number of volcanic centers over several orbits to enable individual eruptions to be observed as they start, build, and wane. This has yielded new information about the magma temperature, eruption style, and evolution of these volcanic centers. We show how, with sufficient temporal and wavelength coverage, it is possible to constrain style of eruption from the evolution of thermal emission spectra at two different hot spots, initially using a two-temperature fit to NIMS data to determine temperatures, areas, and total thermal output. Using a silicate cooling model [Davies, 1996] , we show that it is possible to constrain magma temperature from the combined NIMS-SSI data and to determine rates of areal coverage. Finally, the eruption styles are compared with their terrestrial counterparts.
Galileo NIMS and SSI Observations of Io
The Galileo spacecraft's orbit around Jupiter has brought it close to Io every few months. During the prime mission (orbits G1 to E11, June 27, 1996 , to November 6, 1997 and the first part of the Galileo Europa mission (orbits E12 to C23, December 16, 1997 , to September 16, 1999 hemispheric, lowresolution observations of Io were obtained on most orbits [McEwen et al., 1998b; Lopes-Gautier et al., 1999; Keszthelyi et al., this issue] . However, pure thermal data could only be . The dark deposit, 400 km across, is probably pyroclastic material laid down during the Pillan eruption, at its peak during orbit C9 in June 1997. obtained at night or while Io was in eclipse, reducing the available opportunities to observe the hottest, and often smallest, areas of Io's volcanism. Analyses of combined NIMS and SSI data obtained during the first orbit (G1) in June 1996 revealed a small area at Zamama at a temperature in excess of 1100 K, consistent with silicate volcanism. In this and subsequent orbits the NIMS and SSI instruments have observed many locations with thermal emission at short wavelengths that is indicative of small, hot areas (Ͼ700 K) on the surface McEwen et al., 1997 McEwen et al., , 1998a McEwen et al., , 1998b Davies et al., 2000a; Davies and the Galileo NIMS Team, 2001] . Combined NIMS and SSI data sets are mutually constraining and are therefore particularly valuable for determining temperatures and areas. The two instruments are described below.
The Near-Infrared Mapping Spectrometer (NIMS) has been previously described in detail by Carlson et al. [1992] and Smythe et al. [1995] . NIMS spans the spectral range from 0.7 to 5.2 m (at up to 408 wavelengths) and is therefore particularly sensitive to thermal emission from the temperature range from 200 to ϳ1500 K, ideal for observing active volcanism. Free from the effects of a thick absorbing atmosphere like that of Earth, the NIMS hyperspectral observations are the best multispectral data ever obtained of active volcanism [Davies et al., 2000b] . NIMS can detect thermal emission at 5.2 m from a surface as cool as 180 K if it fills the instrument field of view, 0.5 mrad [Smythe et al., 1995] . With spatial resolutions of Io of 100 -600 km pixel Ϫ1 from June 1996 to August 1999 and with most thermal anomalies being subpixel, the practical detection limit is slightly (ϳ30 K) higher. NIMS contains a scanning grating spectrometer, forming spectra as the grating sweeps across 17 detectors. The 17 wavelengths thus obtained for each grating step are acquired simultaneously, resulting in a series of snapshots ϳ0.33 s apart. An observation can contain up to 24 individual grating position spectra. Techniques used in the processing and analysis of NIMS hot spot spectra are detailed by Lopes-Gautier et al. [1997] and Davies et al. [1997 Davies et al. [ , 2000b .
Details of the solid-state imaging (SSI) experiment have been previously published by Klaasen et al. [1984 Klaasen et al. [ , 1997 and Belton et al. [1992] . As its name suggests, the SSI utilizes a solid-state charge-coupled device (CCD) detector attached to a telescope with a focal length of 1.5 m. The instantaneous field of view (IFOV) is 10 mrad, yielding a spatial resolution ϳ50 times higher than NIMS. A filter wheel allows the selection of one of eight wavelength bands between 0.35 and 1.1 m. For thermal studies of Io's volcanism, most images were taken while Io was in eclipse using the "clear" (0.35-1.1 m) and "968 nm" (0.968 -1.1 m, or "1-m") filters. Eclipse images taken in the visible wavelengths showed various emissions from gases bombarded by high-energy particles [Geissler et al., 1999] . While these emissions are spectacular and cover large portions of the globe, they contribute negligible flux to the pixels over the volcanoes that we discuss in this paper.
The relevant nightside or eclipse NIMS and SSI observations which including the Pele and Pillan Patera region are listed in Tables 1a and 1b , and the nightside spectra are shown in Figure 1 . The exception to the nightside criterion is G2INHRSPEC01, where the thermal signal has been separated from the reflected sunlight using the method described by Soderblom et al. [1999] .
On June 28, 1997, during orbit C9, a particularly useful data set with near-simultaneous SSI and NIMS observations was obtained (Plates 2 and 3). SSI imaged the Jovian-facing hemisphere of Io in eclipse through the 968-nm (image C9I0025) and clear (image C9I0026) filters at a resolution of 14.6 km pixel Ϫ1 , and resolving Pele (at 257ЊW, 18ЊS) and Pillan Patera (at 244ЊW, 8ЊS). Pillan was seen to be an exceedingly intense hot spot, not just saturating the detector but also causing significant bleeding in the images. However, a serendipitous event in the imaging sequence caused the scan platform to move before the filters were changed. This produced a streak across the detector, allowing the brightness of Pillan in the 968-nm filter to be quantified. The bleeding in the clear filter image is a well-calibrated phenomenon, allowing an accurate measurement of the flux to be obtained in that filter as well. The ratio of the thermal emission measured through each filter allowed a minimum temperature to be determined [McEwen et al., 1998a] . Eight minutes after the SSI observation, NIMS observed this region of Io at 226 wavelengths and at a resolution of 725 km pixel Ϫ1 . This meant that both Pele and Pillan Patera were within the same NIMS pixel. These two observations are used to test models of thermal emission from volcanoes. The technique for separating the Pele and Pillan thermal fluxes in observations where the two volcanoes are within the same NIMS pixel is described in section 5.
Data Analysis Using Two-Temperature Fits
Initially, the NIMS data (see Figure 1 ) were fitted using a two-temperature model (described by Davies et al. [1997] ), the two temperatures roughly approximating a bimodal temperature distribution on the surface of the lava body. The first component is a relatively small but hot area that is composed of newly exposed lava, for example, at an active vent, breakouts, skylights, and through cracks in the flow crust. The second component represents the more extensive and cooler crust on the lava flow or lake. Exposed lava cools rapidly by thermal radiation (see Davies [1996] for examples of cooling curves for silicates on Io), and so (except at the onset of an eruption) the hottest areas are generally also the smallest. It is noted that the thermal spectrum from an active flow is in actuality composed of emission from a wide range of temperatures. This is why a silicate cooling model is used later in the analysis to better constrain magma temperature. The two-temperature approach does, however, yield a good approximation to temperature distribution, is excellent for determining total power output, and has been applied with success to terrestrial data [e.g., Crisp and Baloga, 1990; Flynn and Mouginis-Mark, 1992] and to NIMS Io data [e.g., Davies et al., 1997 Davies et al., , 2000a Davies and the Galileo NIMS Team, 2001] . For the purposes of analysis the 228 wavelength C9 (June 28, 1997) NIMS observation C9INCHEMIS06 was broken down into the individual grating position spectra, each with up to 17 data points (one for each detector). These grating position spectra are not subject to the perturbations caused by instrument movement. The C9 NIMS combined Pele and Pillan data are shown in Figure 1 . What is immediately apparent is that the peak of thermal emission is at ϳ4 m, giving an average emission temperature for the entire spectrum of 725 K by Wien's law. This is an indication of the extreme vigor of the eruption at Pillan since most other hot spots on Io have thermal emission peaking at longer wavelengths (Ͼ5.2 m [Davies et al., 2000a [Davies et al., , 2000b ). Exceptions include two vigorous eruptions (9608A and 9610A) with peaks in the 2-m region [Stansberry et al., 1997] .
Plate 2. NIMS C9INCHEMIS06 observation of Io. NIMS obtained this image of Io in eclipse during the C9 encounter on June 28, 1997. The subspacecraft point is equatorial, at a longitude of 281ЊW. The observation was made at 226 wavelengths. Io is shown at 4.8 m, with thermal emission from Loki and Pele and Pillan (which, given the low spatial resolution of 725 km pixel Ϫ1 , lie within the same pixel). The data have been processed to remove the 50% overlap from adjacent mirror swathes. Spectra from adjacent pixels in the mirror sweep direction are added to account for the instrument point spread function. [McEwen et al., 1998a] . The streak joining the two Pillan images is not saturated, allowing the clear/1 m ratio to be determined. Reprinted with permission from McEwen et al. [1998a] . Copyright 1998 American Association for the Advancement of Science.
Galileo Observes Pele
Observations of the thermal emission from Pele during previous and subsequent orbits have shown that Pele is one of the most temporally and radiatively consistent hot spots on Io. It has been observed by both NIMS and SSI in every attempt McEwen et al., 1998b] . Pele was observed by SSI on a number of orbits during the Galileo Prime Mission (1996 -1997) listed in Table 1c [from McEwen et al., 1998b] . These observations were made with the clear filter, allowing only temperature or hot area to be constrained, but not both. As such, the modeled area with the assumption that the surface temperature is 1000 K only provides a metric to compare the level of activity at Pele. Also, since the clear filter images were always saturated at Pele, only lower limits on the activity could be obtained. The sensitivity of SSI to only the shortest IR wavelengths means that it is able to detect thermal emission only from lava surfaces at temperatures (Ͼ700 K) that persist for only minutes after eruption. The SSI observations suggest that at short wavelengths, even on a timescale of minutes, the activity at Pele is constant to within a factor of 10, the difference between saturation and the onset of bleeding in a clear filter image. Analysis of NIMS Pele data (see Table 2 ) from orbits G2 (September 6, 1996) , E6 (February 17, 1997 ), G8 (May 7, 1997 ), E15 (May 31, 1998 ), E16 (July 21, 1998 ), and C20 (May 2, 1999 show some variation from orbit to orbit, but the changes at Pele are small (Ͻ5%) over most of the NIMS wavelength range when compared with the thermal emission at the height of the 1997 eruption at Pillan and the rate of change of thermal emission during the evolution of the Pillan eruption. Table 2 shows the results of fitting a twotemperature, two-area model to Pele NIMS data for a number of orbits. All derived areas are corrected for viewing angle. To illustrate the technique, Figure 2 shows the two-temperature fits to all of the individual grating position spectra to one of the Pillan data sets (C9 data (June 28, 1997), having subtracted the C10 Pele flux from the combined Pele and Pillan spectrum). The temperatures and areas derived from each grating position spectrum are shown in Table 3 . Using the average best fit temperatures and areas, the thermal emission spectra for Pele can be synthesized and are shown in Figure 3 for orbit-to-orbit comparison. At NIMS wavelengths shorter than 3.5 m, there are variations in emission from orbit to orbit of a factor of ϳ3. Variations at longer wavelengths are less than a factor of 2. Ground-based observations of Pele at 3.8 m during the latter half of 1999 also show persistent thermal emission and the same factor of variation (ϳ2) [Marchis et al., this issue] . Pele was at its lowest level of thermal emission, as seen by NIMS, during orbit G8 (May 7, 1997) (see Figure 3) . The SSI observations also support the idea that Pele was at a relatively low level of activity during mid-1997, with a small area (5 km 2 ) at T Ͼ 1000 K (Table 1c) .
The orbit with the highest thermal emission (280 GW) was E16 (July 20, 1998) . From orbits E16 to C20 (a period of 267 days), Pele shows a change in the shape of its thermal emission spectrum at short wavelengths, indicative of a decrease in the vigor of the volcanic activity. What is remarkable is that the total thermal output from Pele, shown in Table 4 , is remarkably constant. Between G2 (September 6, 1996) and C20 (May 5, 1999) , a period of 32 months, the average thermal output was 232 GW, with an error (the standard deviation) of 28 GW, or 12%. Total thermal output is a useful quantity to know. Total thermal emission from the active areas of a volcano can be used to estimate mass eruption rates. Knowing the total active area, thermal flux per unit area (Q/A) can be calculated (see Table 4 ), a useful metric for comparing different eruption styles. Of all of the Pele observations obtained by NIMS, the C10 NIMS data set obtained on September 18, 1997, is particularly interesting. This was an observation (10INVOLCAN05) that returned 102 of 408 NIMS wavelengths resulting in six spectra, each collected at a different grating position. Four of the spectra were collected at the beginning of the observation in grating positions 2, 4, 6, and 8, and two at the end in grating positions 20 and 22. There was a 4-s interval between grating positions 8 and 20. The early positions scanned across Pele but appear to have missed Pillan, which appears in the last two spectra collected. The thermal emission from Pele at wavelengths shorter than 1.3 m is the lowest yet seen from Pele in nightside NIMS observations, indicating that Pele was at a low point in its eruption cycle. Subtracting the Pele flux from the combined C10 Pillan and Pele flux in the last two grating positions allows the thermal spectrum from Pillan to be isolated and fitted. Isolating Pillan data during C9 by removing the Pele flux is described in section 5.
Fitting NIMS Pillan Data
In section 4 we showed how the Pele flux at each wavelength can be subtracted in cases where low spatial resolution means that Pele and Pillan are within the same NIMS pixel. Three methods can be used to do this. In the case of the C10 data the changing geometry of the observation and the two very different thermal signatures of Pele and Pillan made separation straight-forward. For G8, Pele was isolated in one observation, allowing the modeled flux to be subtracted from the combined Pele and Pillan spectrum in another. For the C9 data, neither method is usable. Instead, the Pele flux from other orbits is subtracted to fully bracket the possible range of thermal emission from Pillan. Three sets of temperatures and areas are shown for Pillan in C9 (June 28, 1997) . The first set is derived from fits to the data obtained from subtracting the Pele flux from E16 (July 20, 1998) , the orbit when Pele was emitting the most thermal energy as seen by NIMS. The second set was obtained after subtracting the Pele flux from C10 (84 days later) and quite probably closer to the actual C9 Pele level of activity than the E16 data. This is reinforced by the fact that subtracting the E16 Pele flux resulted in some negative values in the isolated Pillan data, evidence that too much flux was being removed. Subtracting the C10 Pele flux did not result in any negative values. The third Pillan data set was obtained by subtracting the G8 Pele thermal emission from the C9 combined data set, the orbit when the thermal output from Pele was at its lowest. Therefore we feel that we have constrained the possible range of the C9 Pillan flux, as well as the range of Pele fluxes. [ 1999] . The G8 Pele spectrum is from observation G8INVOLCAN02. The G8 Pele ϩ Pillan spectrum is from observation G8INVOLCAN01 and is saturated in the middle detector range. This is an indication of the intensity of the growing Pillan eruption. This observation also shows the G8 Pele (G8INVOLCAN02) spectrum for comparison. In the C10 spectrum the different thermal signatures of Pele and of Pele ϩ Pillan can be seen, interleaved together. This is the cause of the resulting sawtooth pattern and allows the Pillan flux to be isolated by subtraction of the Pele flux. In subsequent observations, Pele and Pillan were resolved. Null values caused by boom hits in some observations have been removed. The data between 2.4 and 2.65 m in most observations are not used as detector 7 failed before these observations were made.
Two-temperature fits to Pillan NIMS data obtained in G8 (May 7, 1997), C9 (June 28, 1997), C10 (September 17, 1997), E15 (May 31, 1998), E16 (July 21, 1998), and C20 (May 5, 1999) are given in Table 2 , and the synthesized "best fit" thermal spectra are compared in Figure 4 . Pillan exhibited a great variation in emitted power (and by inference the level of volcanic activity) after E6 (February 20, 1997) , when the level of activity was very low; to G8 (May 7, 1997), when the eruption was building in intensity; to C9 (June 28, 1997), when it was at the maximum observed emission. Over the 20 months from C10 (September 17, 1997) to C20 (May 5, 1999 ) the intensity of the eruption died down. Figure 5 shows the evolution of total thermal flux from Pele and Pillan as a function of time. The E6 (February 20, 1997) Pillan flux comes from a one-temperature fit (86 km 2 at 401 K) to data from 4.0 to 5.2 m in the E6INHRSPEC01 dayside observation, which shows a characteristic thermal ramp toward long wavelengths (in the part of the spectrum where there is little solar contamination). The thermal output between 4 and 5 m was considerably less than that seen during G8 (May 7, 1997). Pillan was seen to have a similar thermal ramp toward longer wavelengths in the dayside G7INHRSPEC01 observation (April 5, 1997). It proved possible to isolate the G8 (May 1997) Pillan flux as Pele was resolved by NIMS in observation G8INVOLCAN02, in which Pillan was on the dayside of the terminator. This allowed the subtraction of the Pele flux from the combined Pele ϩ Pillan flux in the lower-resolution G8INVOLCAN01 observation (see Table 1a ) where the Pele/Pillan region was in darkness. The C9 Pillan data are fitted three times, as described above, with two of the results offset to better display the error bars. The derivation of the I27 Pele flux is described in section 7.3, and the I25 Pillan flux is from Spencer et al. [2000] .
The temperature of 1509 K (Ϯ78 K) obtained in G8 (May 7, 1997) is the highest temperature yet obtained from a twotemperature fit to low-resolution NIMS data. These twotemperature fits imply that the style of volcanism at Pillan during 1997 is vigorous enough to continually create areas at very high temperatures, which then dominate the thermal emission spectrum. Examples of such styles of emplacement include fire fountaining, and the turbulent emplacement of flows. By June 1997 (C9) the eruption at Pillan had reached its peak. Two-temperature fits to the NIMS C9 data reveal a Pillan high-temperature area at over 900 K, covering over 27 km 2 , and a cool area at ϳ380 K, covering ϳ2000 km 2 . SSI detected considerable short-wavelength emission, an indication of both the high eruption temperature and the violent nature of the lava emplacement. From the NIMS data the energy emitted from Pillan was 3.5 ϫ 10 12 W: this is ϳ40 times that emitted (during orbit G1, June 1996) from Prometheus, an ). The best fit temperatures and areas for each grating position are given in Table 3 . These temperatures and areas are averaged, and the standard deviations are taken to be the errors in the analysis.
example of a relatively common Ionian effusive eruption [Davies et al., 2000b; Keszthelyi et al., this issue] . The twotemperature fit to the C9 Pillan data is remarkable for the size of the hotter of the two areas. The vigor of the eruption is such that the thermal emission from the highesttemperature (and smallest) areas is swamped by comparatively larger areas that are also at high temperatures. The two-temperature fit to the NIMS data from C9 (June 28, 1997) can be used to synthesize the SSI clear/1 m ratio for comparison with what SSI actually recorded. The low modeled value of 5 to 5.2 (Table 2) is much lower than the actual clear/1 m ratio of 13.7. An additional small but very hot area is present. With this in mind, the combined NIMS Pele ϩ Pillan C9 (June 28, 1997) spectrum was fitted with a three-temperature model which produced areas and temperatures of 0.11 km 2 at 1825 K, 17.6 km 2 at 975 K, and 544 km 2 at 475 K [McEwen et al., 1998a] . The temperature of the hottest component of 1825 K was the highest temperature yet inferred for volcanism on Io. All of the synthesized SSI clear/1 m ratios for C9 (June 1997) Pillan two-temperature fits to NIMS data were lower than measured by SSI during E11 (November 1997), implying that smaller areas at higher temperatures were present, and higher-temperature components were needed to accurately model the temperature distribution.
The two-component fit to the C10 (September 17, 1997) data produced temperatures and areas of 1321 Ϯ 15 K, 1.19 Ϯ 0.18 km 2 , 470 Ϯ 2 K, and 335 Ϯ 17 km 2 . The area at 1321 K is indicative of some part of the volcano still being very active. By C10 the NIMS-derived thermal emission had dropped from the C9 (June 28, 1997) peak to 10 12 W, still greater than that seen at many other hot spots on Io [Davies et al., 2000a] . Pillan was reported at a lower level of activity during E11 (November 6, 1997) (as seen by SSI in eclipse [McEwen et al., 1998b] ) and subsequent observations showed a steady decrease in thermal output (at all wavelengths) from 8 ϫ 10 11 W during E15 (May 31, 1998), to 5 ϫ 10 11 W during E16 (July 21, 1998), to 3 ϫ 10 11 W during C20 (May 5, 1999) , as the eruption died down and the flows cooled and solidified. It is informative to compare the thermal output from Pele and Pillan to that from other hot spots. For example, a twotemperature fit to Zamama produced temperatures and areas of 1100 K covering 0.08 km 2 and 450 K covering 53 km 2 , with a total thermal output of 1.3 ϫ 10 11 W. Fitting a silicate cooling model (described below) to the same G1 Zamama spectrum [Davies et al., 2000b] , yielded an output of 1.1 ϫ 10 11 W. Of the other hot spots observed in darkness by NIMS during G1, power outputs ranged from 5.8 ϫ 10 10 W a Maximum temperature 1 is 948 K (gp2), minimum temperature 1 is 868 K (gp 16), maximum area 1 is 38.9 km 2 (gp 16), and minimum area 1 is 24.6 km 2 (gp2). Maximum temperature 2 is 421 K (gp4), minimum temperature 2 is 344 K (gp16), maximum area 2 is 3610 km 2 (gp16), and minimum area 2 is 1032 km 2 (gp4). Averages and standard deviations are given in Table 2 . Most of the thermal emission from component 2 is at longer wavelengths than those covered by NIMS (0.7-5.2 m).
from Tupan, through 8.6 ϫ 10 10 W (Prometheus), to 2.1 ϫ 10 12 W from Altjirra, with most of the emission from Altjirra at long wavelengths beyond the NIMS range. A better indication of the magnitude of the C9 Pillan eruption can be obtained by comparing the thermal emission at 3.5 m from different eruptions and at different times (see Table 5 ). The 14 hot spots in G1INNSPEC01 (June 26, 1996) emitted an average of 4.9 ϫ 10 9 W m Ϫ1 (Ϯ2.6 ϫ 10 9 W m Ϫ1 ) at 3.5 m [Davies et al., Figure 3 . Synthesized thermal spectra from the best fit temperatures and areas derived from twotemperature fits to Pele data. Numbers in parentheses are the chronological order of the observations. Actual acquisition dates are given in Table 1a . There is relatively little change in thermal emission from orbit to orbit, especially remarkable given the short wavelength of the peak of the thermal emission which is indicative of a violent emplacement mechanism. Large, cooling flows are not forming over time (NIMS would detect them), and the most likely explanation is the most of the thermal emission from Pele emanates from a lava lake, where part of the crust is disrupted by overturning, perhaps caused by fire fountaining. The relative constancy of Pele's thermal output allows the subtraction of the Pele flux from spectra where the two volcanoes are not resolved, constraining the emission from Pillan. (Sept. 6, 1996) 9.9 (ϩ1.9, Ϫ1.7) 11.6 (ϩ2.9, Ϫ2.5) 21.5 (ϩ4.8, Ϫ4.2) 34 G8 (May 7, 1997) 3.9 (ϩ2.7, Ϫ1.9) 16.1 (ϩ8.3, Ϫ6.6) 20.0 (ϩ10.9, Ϫ8.5) 6 C10 (Sept. 17, 1997) 12.2 (ϩ1.6, Ϫ1.5) 12.1 (ϩ1.6, Ϫ1.5) 24.3 (ϩ3.1, Ϫ2.9) 9 E15 (May 31, 1998) 8.4 (ϩ11.9, Ϫ6.4) 13.3 (ϩ8.1, Ϫ5.6) 21.7 (ϩ20.1, Ϫ12.1) 14 E16 (July 21, 1998) 12.0 (ϩ4.1, Ϫ3.4) 16.0 (ϩ3.5, Ϫ3.1) 28.0 (ϩ7.6, Ϫ6.4) 17 C20 (May 5, 1999) 6.64 (ϩ3. . Synthesized thermal spectra from the averaged two-temperature fits to Pillan data. The numbers in parentheses represent the chronological order of the observations. Actual observation dates are given in Table 1a . The C10 (September 18, 1997) Pele thermal emission has been subtracted from the C9 (June 28, 1997) Pillan ϩ Pele spectrum to isolate Pillan. Subtracting the E16 (July 20, 1998) Pele flux resulted in some negative values, an indication that C9 Pele was closer to the level of activity observed in C10 than to that seen in E16. The Pillan eruption shows an evolution consistent with a large eruption, accompanied with fire fountaining and/or a turbulent flow regime, leading to the emplacement of large surface flows that subsequently cool. This was confirmed by SSI images obtained in later orbits [Phillips, 2000] . Figure 5 . Plotting the total thermal output from Pele (diamonds) and Pillan (triangles), using the data in Table 2 , against time in days since the beginning of 1996, highlights the magnitude of the 1997 Pillan eruption and the constancy of the thermal output from Pele. Three data points are plotted for Pillan in C9 (June 28, 1997). The triangle represents the subtraction of the Pele E16 (July 20, 1998) flux from the combined C9 Pele ϩ Pillan flux. The square is the subtraction of C10 (September 18, 1997) Pele, and the star is the subtraction of G8 (May 7, 1997) Pele. Both C10 and G8 points are offset to display the error bars. The errors are large as the cool component of the two-temperature fit is not well constrained by NIMS, because most of the emission is at wavelengths beyond 5.2 m. As described in the text, the Pillan E6 data point comes from a single temperature fit; the I25 Pillan data point comes from a PPR observation; and the I27 Pele thermal output is a minimum value. Spencer and Schneider [1996] as at least a doubling of Io's 5 m brightness) had a 3.5-m flux of 10 13 W m Ϫ1 [Veeder et al., 1994] , over 34 times greater than Pillan at its peak and 330 times that of Pele. The January 1990 outburst produced a 3.5-m flux of 2.1 ϫ 10 12 W m Ϫ1 [Davies, 1996] , again, orders of magnitude greater than Pillan. Other ground-based observations have recorded similar emissions. For example, the 9610A event reported by Stansberry et al. [1997] had a 3.5-m flux of 5 ϫ 10 11 W m Ϫ1 , at least twice that of Pillan. Given the similar magnitude of thermal output, a similar eruption style may be inferred at Pillan and 9610A.
Determination of Magma Temperature Using the Io Flow Model
How hot are the lavas at Pillan and Pele? Determining actual magma liquidus temperature is important as this sets a strong compositional constraint. The higher temperature derived from two-temperature fits may be taken as the minimum possible liquidus temperature of the erupted magma, but twotemperature fits can greatly underestimate lava temperature. In order to produce tighter estimates of liquidus temperatures of the lava at these volcanoes, a silicate cooling model (the Io flow model, or IFM) was applied to the data. The IFM is described by Davies [1996] and has been successfully applied to data of an Io outburst [Davies, 1996] and to NIMS G1 (June 1996) data [Davies et al., 2000b] . The IFM determines the evolution of thermal emission from the surface of a lava body by calculating the cooling rate of exposed lava (in an Ionian environment) and the relative areas at different temperatures. By integrating over the surface of the lava body the thermal emission at any required wavelength and time can be found. It is useful to define some model terms, used below. By "component" we mean a "single lobe," or area, that is composed of a continuum of areas, covering a range of temperatures. Each component fit has only two input parameters, once the composition of the lava is selected. The first is the temperature range, from liquidus temperature to a final (cooler) temperature, and the second is a scale factor that is directly related to the total area of the component and is used to scale the model output to the data. References are made to the "age" (or "duration") of a component. Age is determined by the time taken for the exposed lava to cool to the lowest temperature present. A body that has cooled to a minimum temperature of, say, 1100 K is therefore very young. Older components have cooler areas of their surface. Knowing the age and size of each component allows surface coverage rates to be determined. Like two-temperature fits, the IFM has also proved to be a useful tool for comparing thermal emission from different locations, or at different times. Table 6 shows IFM parameters for lower-temperature (basaltic, ϳ1450 K) magmas and higher-temperature (ultramafic, Ͼ1650 K) magmas. For ultramafics a liquidus temperature of 1900 K is used.
The thermal signatures of Pillan and Pele during C9 are more complex than those seen at most other hot spots on Io, which exhibit a characteristic thermal "ramp" toward longer wavelengths (see Davies et al. [2000b] for examples). The C9 Pele and Pillan data are not well fitted with a single IFM component: using two components to fit the spectra produces a significantly better fit (using the f test). These two components represent thermal emission from different areas of each volcano. The first component is the area consisting of the active vent or vents, active flow front, and other exposed areas at near-liquidus temperatures, such as resulting from fire fountains or turbulently emplaced flows (yielding a young age for the surface). The second component is a larger area consisting of cooling flows, or lava surfaces, at lower temperatures, and greater ages. The IFM was used to fit the lava cooling curves to the NIMS data, and the resulting range of temperatures and areas were used to calculate the SSI clear/1 m ratio. The fits of the dual IFM to one grating position spectrum for Pele (orbit E16, July 21, 1998) and Pillan (orbit C9, June 28, 1997) are shown in Figure 6 . The best fit IFM curve, for each selected liquidus temperature, was determined iteratively by minimizing the sum of the squares of differences. The results of fitting the IFM to Pele E16 (July 1998) and Pillan C9 (June 1997) data and the resulting synthesized SSI clear/1 m ratio are shown in Figure  7 . We found from fits to the NIMS E16 data that IFM magma temperatures of 1600 and 1475 K were too high to fit the Pele SSI clear/1 m ratio as inferred from the E11 (November 6, 1997) data [McEwen et al., 1998b] . The hottest surface temperatures present at Pele during E16 (July 21, 1998) had to be at a lower temperature, closer to 1250 K to generate (using the Figure 6 . Examples of dual-IFM (silicate cooling model) fits to the NIMS spectra from (a) Pillan (C9) from which has already been subtracted the C10 Pele thermal emission and (b) Pele during E16. The use of two IFM components produces a significantly better fit to the data than a single component fit (using the f test). Eruption parameters implied by these fits are given in Table 7. IFM) the same clear/1 m ratio of 9.26 as seen by SSI in E11, or the level of activity, the vigor of the eruption, had dropped so that the areas at very high temperatures were very small and therefore hard to detect, even at the spatial resolution available to SSI. However, the two-temperature fits to the data (Table 2) have "hot" temperature components up to 1394 Ϯ 25 K, a lower boundary on the minimum lava eruption temperature at Pele. As seen at Pillan, temperatures derived from two-temperature fits to thermal emission from active volcanism at low spatial resolutions can considerably underestimate the liquidus temperature, implying that temperatures at Pele may be hundreds of kelvins hotter than shown in Table 2 . There is other evidence for higher temperature lavas at Pele. Analysis of I24 SSI dual-filter eclipse observations of Pele (red filter image I24IO153, and 1-m filter image I24IO155, both 51.2-s exposures) yielded a single temperature of 1390 K (Ϫ40 K, ϩ20 K) with an area of ϳ0.48 km 2 (corrected for a viewing angle of 48Њ). As this was a single-temperature fit to SSI data and as magma cools rapidly from liquidus temperatures, the actual temperature has to be at least 1590 K [see Keszthelyi and McEwen, 1997] . This temperature is within the range proposed for Pele by Zolotov and Fegley [2000] of 1440 Ϯ 150 K, based on estimates of sulfur and oxygen fugacities from a Hubble Space Telescope (HST) data set obtained in 1996, and the temperatures obtained from two-temperature fits to selected spectra in a NIMS I27 (February 2000) high-resolution NIMS observation [Lopes et al., this issue] , which yielded a median temperature of 1760 Ϯ 210 K. The average temperature for the hot component from this analysis was 1670 Ϯ 235 K. Considering the error bars of the above numbers, the minimum temperature for magmas at Pele appears to be around 1600 K.
It is apparent that Pele was at a low point in its eruption cycle during E11 (November 6, 1997), with a reduction in short-wavelength thermal emission as seen by SSI. To put this into perspective, however, the Pele 1-m intensity was only 18% more during I24 (October 1999) than during E11, implying that major changes in activity had not occurred. Fitting the E16 Pele data (when Pele was at its most active, as seen by NIMS) with a magma temperature of 1475 K yields a clear/1 m ratio of 13.4, within the error bars of the synthesized ratio obtained from a two-temperature fit to the E16 data (12.9 Ϯ 1.1). The clear/1 m ratios synthesized from two-temperature fits to NIMS data (Table 2) show the presence of highertemperature components at other times. Pillan on the other hand, was best fitted with the IFM with a magma temperature of 1870 K, which just matches the lower boundary of possible clear/1 m ratios. What is most striking about the model fit to Pele is the extremely young age, only a few seconds, of an area covering 0.56 km 2 . This IFM temperature-area distribution is what would be expected from a very vigorous eruption style where lava does not have a chance to cool before being covered by newer erupted material. Implications for eruption style are discussed in sections 7.1-7.4.
Eruption Style
The IFM outputs a number of eruption parameters, such as rate of areal coverage, age of eruption, and a surface temper- Figure 7 . Constraining magma temperature using the Io flow model [Davies, 1996] . Examples of fits to C9 (June 28, 1997) Pillan and E16 (July 20, 1998) Pele data are shown. The fits to the NIMS data for each modeled magma liquidus temperature represent a range of temperatures and areas that are used to synthesize the SSI clear/1 m ratio. The Pillan data require a minimum magma temperature of 1870 K, indicating a likely ultramafic composition to produce a clear/1 m ratio of 13.4. The Pele fit needs a much lower magma temperature to produce the SSI clear/1 m ratio (9.26) of just above 1250 K, but this is possibly more of an indication of a drop in short-wavelength activity at Pele when the SSI clear/1 m ratio was obtained (orbit E11) than of a low magma temperature. Additionally, the fit to the E16 NIMS data is greatly improved using a magma temperature of 1475 K (a basalt liquidus temperature), a temperature in keeping with twotemperature fits in excess of 1350 K. ature range, from which can be deduced information about eruption style and evolution. Eruption parameters for C9 (June 28, 1997) Pillan and E16 (July 21, 1998) Pele are shown in Table 7 ; the Pillan data shown are for the E16, C10, and G8 Pele subtractions. In the case of E16 Pele, component 1 covers 0.5 km 2 and is at high temperatures (1475-1305 K), corresponding to a time since eruption or exposure of only a few seconds. The very young age is necessary to explain the preponderance of thermal emission at short wavelengths in the Pele spectrum. The cooler component of Pele has a minimum temperature of 570 K and covers 17 km 2 . Yet Pele has been erupting constantly throughout the Galileo prime mission and Galileo Europa mission, a span of years (1996 -2000) . The duration of activity can be extended further. Pele has been active since 1979 (as seen by Voyager [Pearl and Sinton, 1982] ) and was seen by direct imaging in 1989 [McLeod et al., 1991] and in Europa occultations in 1991 [Spencer et al., 1994] , with similar brightness to that seen by Voyager. Given the high rate of areal coverage implied from fits to NIMS data and an eruption in progress for decades, one would expect lava flows to cover more ground, producing cooled areas that NIMS would detect. The eruption style at Pele has to be constrained to limit the extent of the volcanics, as cooler portions of lava flows (for example) would be observed by NIMS. All three model fits produce a smaller hot component with a very young age and a larger, cooler component that is relatively much older.
Eruption Style at Pele
The best explanation of the style of volcanism at Pele is that Pele is a lava lake, the surface of which is being constantly disrupted. Either the lake covers at least 17 km 2 and has active crusts and fountaining, or it is smaller and throwing out spatter that might form clastogenic flows. Disruption of the lava lake crust is constant, however, as would be expected from degassing of magma producing the Pele plume [Davies et al., 2000c] . This would maintain thermal output at short NIMS wavelengths. Harris et al. [1999, p. 7117] summarize what is known about terrestrial lava lakes. In short: Swanson et al. [1979] identify two types of lava lakes: active and inactive. [An active lava lake is a volume of circulating magma exposed to the atmosphere and directly linked to, and replenished by, a deeper magma source.] Active lava lakes can develop at the summit or on the flanks of a volcano and can be considered as the exposed [top of a column of magma] ⅐ ⅐ ⅐ [Swanson et al., 1979; Tilling, 1987] . [As such, active lava lakes are a useful window into a volcano's magma system.] ⅐ ⅐ ⅐ Inactive lakes are rootless and stagnant and do not form directly on top of the magma column [Swanson et al., 1979] . Instead such lakes form by topographic ponding of lava, as in Kilauea Iki, Alae, and Makaopuhi craters on Kilauea [Richter et al., 1970; Swanson et al., 1972; Wright and Okamura, 1977; Peck, 1978] , or behind natural levees [Wilson and Parfitt, 1993] .
The consistency of thermal output from Pele is indicative of Pele being a long-lived, stable, active lava lake.
Voyager and Galileo images of Pele show that the eruption is centered in a ϳ10-km-diameter caldera in the plains at the end of a rift splitting Danube Planum (Plate 4). This topography would certainly impose areal constraints on lavas trying to spread laterally. There are terrestrial analogs to this style of eruption: Examples of long-lived lava lakes on Earth include Halema'uma'u (in the summit caldera complex of Kilauea, Hawai'i), an active lava lake from ϳ1790 to 1924; Kupaianaha, also on Kilauea, active from July 1986 to August 1990; Erta 'Ale, in the Afar region of Ethiopia, and Mount Erebus in Antarctica. Erta 'Ale is a shield volcano that has undergone seven eruptions in the past 125 years and has been active continuously since 1967, and perhaps even since 1906 [Le Guern et al., 1979] . Erta 'Ale has two lava lakes in pits in the floor of the summit caldera. The larger of the lakes is ϳ140 m across. Occasionally, the lakes overflow onto the floor of the caldera. A large amount of heat is released from the lava lake with little new material erupted. Oppenheimer and Francis [1998] believe that the higher magma density, caused by the cooling of the magma in the lake, inhibits more effusive eruptions. They propose that the magma for the most part accumulates in the underlying crust in the form of dikes and sills: The Afar region of Ethiopia is under extension, so in the case of Erta 'Ale, conditions are favorable for the injection of sills and dikes. The rifts associated with Danube Planum and Pele Plate 4c shows a high-thermal emission area (the high level of emission caused by areas at high temperatures). Plate 4d shows emission from a cooler, linear feature that might be a fissure, a flow, or a rift across a lava lake. A thermal emission and temperature profile running north to south across this feature is similar to that predicted for a lava lake. Alternatively, this may be a spreading flow, possibly from an overflowing lake [Davies, 1996] . may be subjected to similar tectonic forces [Radebaugh et al., this issue] which may result in pathways to the surface for magma. From E15 (May 31, 1998) SSI data, Pele was seen to have two hot spots at 18.5ЊS, 255.6ЊW and 18.7ЊS and 256.4ЊW [Keszthelyi et al., this issue] . Separated by ϳ20 km, these hot spots are closer together than those seen at Pillan during E11 (November 8, 1997) . The most intense hot spot is located within a low-albedo feature at the end of Danube Planum (see Figure  4a) , with the second hot spot located to the west. Both NIMS and SSI observed Pele during the close Io flyby during orbit I24 (October 11, 1999) , when SSI imaged what appears to be the active margin of the lava lake , although the most active area was not visible [Keszthelyi et al., this issue] .
The idea that Pele is a lava lake is not a wholly new one: Howell [1997] suggested this as a possible scenario from an analysis of Voyager infrared interferometer spectrometer (IRIS) data. Howell found that from fitting a silicate cooling model, there was a very young derived age for the lavas, with relatively little cooling taking place. This could only be explained by having rapid resurfacing of a small area, by having very thin flows that cool rapidly, or by having a lava lake overturn on a 1-day timescale. From IRIS data, at longer wavelengths than NIMS, the total thermal output from Pele was calculated to be 2.22 ϫ 10 12 W [Pearl and Sinton, 1982] , with almost half of this emission at wavelengths beyond the range of NIMS. Flynn et al. [1993] studied thermal emission from the Kupaianaha lava lake and found that surface activity fell into three stages. Stage 1 was characterized by active fire fountaining and rifting, resulting in the highest thermal output from the lake. Stage 2 was marked by rifting events between plates of crust. Stage 3 periods were times of quiescence, when a thick crust covered the surface of the lake. The flux densities implied at Pele are consistent with stage 1 and 2 activity, indicating once again that some part of the Pele lake crust was being continuously disrupted. Tellingly, Flynn et al. found that while spectroradiometer data of stage 3 activity could be fitted with a two-temperature model, stages 1 and 2 almost always required a third temperature component to accurately fit the data, an indication that Pele has hotter components than those implied from a two-temperature fit.
The thermal output from Pele during the Galileo epoch is compared to that from Voyager IRIS data [Pearl and Sinton, 1982] and terrestrial lava lakes [Harris et al., 1999] in Table 8 . Table 8 also shows data for Loki, the volcanic center on Io with the highest thermal emission, based on thermal emission determined from Voyager IRIS data [Pearl and Sinton, 1982] . As mentioned in section 4, thermal fluxes per unit area (Q/A) can be used to compare intensities of eruptions. From Table 8 the Q/A value for Pele compares favorably with Kupaianaha when it was at its most active. From Table 4 it can be seen that the Pele Q/A values are greater than those for Pillan. This is wholly consistent with the different styles of eruption at these two volcanoes. Although Io volcanic eruptions are larger than their terrestrial counterparts [Keszthelyi et al., 2001] , they do exhibit similar Q/A values.
Estimation of Mass Flux at Pele
It is possible to estimate the mass flux at a lava lake from the total thermal emission [Harris et al., 1999] . Using the methodology of Harris et al. once the total thermal flux from a lava lake is known, the mass flux (M, kg) needed to maintain that heat loss can be estimated by
where Q rad is the radiative heat flux, Q conv is the atmospheric convective heat flux, C L is the latent heat of crystallization, ⌬f is the crystallized mass fraction, c p is the specific heat capacity of the magma, and ⌬T magma is the temperature through which the magma cools before removal from the lake. Taking values Harris et al. [1999] .
b Flynn et al. [1993] describe the level of activity in a lava lake as follows: Stage 1 is marked by magma fountaining and overturning; stage 2 is marked by active rifting events; and stage 3 is a quiescent period when a thick crust covers the lake. Stage 1 and 2 observations almost always need a three-temperature model to fit the data. Stage 3 requires only a two-temperature model. Kupaianaha lake area is 2300 m 2 . c From Pearl and Sinton [1982] . Component of 113 km 2 at 654 K is used. The component of 20,106 km 2 at 175 K would not be detected by NIMS. NIMS has a low-temperature detection limit of 180 K, so long as the source fills the NIMS pixel [Smythe et al., 1995] . The 654 K and 175 K components yield the best fit to the IRIS Pele data.
d From Pearl and Sinton [1982] . Another two-component fit to IRIS data yields 29.7 km 2 at 854 K and 181.5 km 2 at 454 K. e From Pearl and Sinton [1982] . Loki area is 4.1 ϫ 10 10 m 2 .
for basalt, C L ϭ 3 ϫ 10 5 J/kg and c p ϭ 1500 J kg Ϫ1 K Ϫ1 . From Harris et al., ⌬T magma is taken to be 150 to 200 K, and ⌬f is taken to be 0.3 to 0.45, on the basis of studies at Erebus, Erta 'Ale, and Pu'u O'o. On Io, in the absence of any significant atmosphere, Q conv is taken to be zero, simplifying equation (1). Calculated mass fluxes are given in Table 8 , where, for context, the mass flux from Pele during the Galileo epoch is compared with those at terrestrial lava lakes (the terrestrial data are taken from Harris et al. [1999] ) and from Pele and Loki during the Voyager epoch. Taking the thermal output from Pele during E16, Q rad ϭ 280 GW, yielding a mass flux of 6.44 ϫ 10 5 kg s Ϫ1 to 8.89 ϫ 10 5 kg s Ϫ1 . Using the density of liquid basalt (2600 kg m Ϫ3 , Table 6 ), these values equate to volumes of 248 to 341 m 3 s Ϫ1 , considerably larger than mass fluxes at terrestrial lava lakes (up to 18200 kg s Ϫ1 (or 7 m 3 s Ϫ1 ): Erta 'Ale, January 1973 [Harris et al., 1999] , although the flux density, the energy emitted per unit area, is modest compared with some terrestrial lava lakes.
NIMS Observes Pele During I27
During the I27 encounter on February 22, 2000, NIMS obtained observation I27INHRPELE01 (Plates 4c and 4d), a high-resolution image of Pele at a range of between 2200 and 3000 km. The area covered was an ϳ33 km square, with an average resolution of 0.6 km pixel Ϫ1 . Plate 4a shows the highest-resolution Voyager image of Danube Planum and Pele. The hot spots seen by SSI in May 1998 (E15) were within the low-albedo feature near the center of the image, a depression between two grabens at the end of Danube Planum. Plate 4b shows the NIMS I27 observation superimposed on this image. Plate 4c shows thermal emission from Pele at 1.035 m, and Plate 4d shows the thermal emission at 4.7 m. It is possible to determine relative temperatures from pixel to pixel by considering the wavelength of the peak of emission in the shortwavelength detectors. Plate 4c shows a high-thermal emission area (the high level of emission caused by areas at high temperatures). Plate 4d shows emission from a cooler, linear feature that might be a flow unit, or a rift across a lava lake. The hot area at 1.035 m has saturated the detectors at 4.7 m. Temperatures decrease rapidly (reaching background emission levels within a few kilometers) with distance from the crack, in roughly parallel bands both to the north and south. There is also an increase in temperature along the feature eastward, toward the hot component. A map of thermal emission and a relative temperature profile running north to south across this feature produce a thermal emission spectrum similar to that predicted for an active lava lake with a forming crust or a lava flow, perhaps from an overflowing lake [Davies, 1996] . Initial two-temperature model fits to each pixel yield a minimum thermal output (from nonsaturated pixels) of 1.26 ϫ 10 11 W, below that derived from other observations. If this feature is a lava lake, the rift may be where new material is being exposed by separation of the surface plates, with surface temperature decreasing as the new surfaces move away from the rift and cools. If new surface area is being produced in the lake, conservation of surface area dictates that crust must be destroyed in another location. This destructive margin is not apparent in this observation. More evidence of highly areally constrained activity comes from the Galileo Photo-Polarimeter Radiometer (PPR), which mapped the Jovian-facing hemisphere of Io during I27, producing a nighttime thermal map [Spencer et al., 2000] : the PPR wide-open filter thermal map shows high temperatures at ϳ200 K at Pillan from the cooling 1997 flows but lower temperatures at Pele, which is still active. There are no extensive, cooling flows at Pele (like those at Pillan) even as NIMS and SSI detect hot areas. PPR also obtained a scan across the Pele feature from west to east, showing two "humps" [Spencer et al., 2000] , one corresponding to the hot crack seen by SSI in I24 and I27 and another coinciding with the most intense area seen by NIMS in I27. The 17-m brightness temperature reached a peak of 200 K, almost certainly due to a higher temperature filling a small fraction of the PPR field of view (ϳ3 km) in the fields of view coincident with the SSI hot crack (possibly the lake margin or edge of the caldera in which the lake is located). To the west of the "crack" the surface temperature drops to ϳ100 K, indicative of a nonvolcanic surface (90 -130 K) . The stability of the hot crack as seen by SSI from I24 to I27 [Keszthelyi et al., this issue] implies that further expansion of lava westward of the hot margin may not be possible, most probably due to a topographic control. A terrestrial lava lake, Kupaianaha, on the flank of Kilauea, Hawai'i, is shown in Plate 5, in which the relatively cool crust and smaller but much hotter cracks are evident.
Eruption Style at Pillan
The evolution of the Pillan 1997 eruption using IFM fits is shown in Table 7 . To facilitate comparison from orbit to orbit, the temperatures and areas of the emitting surfaces for the IFM fits to the Pillan data are shown in Figure 8 . Data from orbits C9 and C10 have two IFM components; G8, E15, E16, and C20 have one IFM component. We do not know precisely when the Pillan 1997 eruption began. Pillan was seen to be an active hot spot in NIMS E6 (February 1997) data [LopesGautier et al., 1999] , and Voyager imagery showed some flows in the Pillan region years before the emplacement of the flows imaged during C10 (September 1997). Pillan was much more active during G8 (May 1997). The IFM best fit to the NIMS G8 data shows a relatively young eruption age of 6 hours and an area of 72 km 2 . The emplacement rate is nearly 3300 m 2 s Ϫ1 . By C9 (July 1997), activity at Pillan had intensified. Pillan was undergoing a massive eruption that resulted in a spectacular "black eye" on the surface of Io [McEwen et al., 1998b; Williams et al., this issue] (see also Figure 1 ). The C9 NIMS data show a more complex eruption signature than that seen during G8 (May 1997) , and a dual IFM is statistically justified to fit the data. Three analyses are performed, subtracting the G8, C10 (September 1997), and E16 (July 1998) Pele fluxes from the C9 combined Pele/Pillan spectrum. For example, from a dual-IFM fit to C9-E16 Pele, Pillan component 1 covers over 9 km 2 but has a minimum temperature of 900 K and therefore a very young age: This material has only been exposed for a few minutes. The shape is very similar to that seen during G8. The second component has an area of 427 km 2 , with an implied rate of areal coverage of 330 m 2 s Ϫ1 . From a dual-IFM fit to the C9 minus C10 Pele data, similar results are obtained, with a young, hot, areally small component 1 and a larger, cooler, older component 2 with an implied dA/dt of 254 m 2 s Ϫ1 . The NIMSsynthesized clear/1 m ratio (ϳ13.7) is just above the lower range derived from the SSI data. There was little difference between the final ages and areas derived from NIMS data from which had been subtracted the E16, C10, and G8 Pele fluxes: This is another indication of the magnitude of the amount of energy that was being emitted by Pillan during C9 compared to Pele.
Plate 5. Aerial view of the lava lake atop the Kupaianaha vent on the east rift zone of Kilauea, Hawai'i, taken on December 16, 1986. The lava lake is over 50 m in diameter. The fume rising from the end of the narrow part of the lake marks the beginning of a lava tube. The lake surface is mostly covered with a relatively cool crust, but the molten lava beneath can be seen through cracks between surface plates. Lava lakes may last for decades. The Pele lava lake may be similar to this, although the Pele feature is much larger. Photo by E. W. Wolfe, U.S. Department of the Interior, U.S. Geological Survey.
After C9 the Pillan eruption rapidly died down. The C10 (C9 ϩ 84 days) IFM fit reveals flows covering nearly 1600 km 2 , with a small area (0.4 km 2 ) at very high temperatures: Active emplacement is still taking place. It should be noted that post-C10, small eruptions took place at Kami-Nari Patera and an unnamed patera, close to Pillan Patera [Phillips, 2000] . It is possible that flux from this hot spot might be contained in the Pillan spectra obtained by NIMS post-C10. This would mean that thermal emissions derived from these NIMS data are maximum values for Pillan as there might be thermal emission from other small volcanic centers.
By E15, nearly a year after C9, the short-wavelength emission has dropped sufficiently so that the data could be once again fitted using a single IFM component, an indication of a less vigorous emplacement style. As the flow surfaces cooled with time, the wavelength of maximum emission increased beyond the NIMS range. The cooling model, as with the twotemperature fits, shows the decline in thermal emission as smaller and smaller total flow areas, as surfaces cool beyond the NIMS detection range. These low-temperature areas are seen in PPR data collected in February 2000 during orbit I27 [Spencer et al., 2000] in which the Pillan flows present a significant thermal anomaly at long wavelengths. Detailed modeling of joint NIMS and PPR data can extend analysis beyond the joint NIMS-SSI data analysis to the other end of the thermal emission spectrum.
Considering the C9 (June 1997) data, the silicate cooling model predicts that ultramafic flows take ϳ15 days to cool to 440 K, the minimum temperature at Pillan (see Table 7 ). This implies that the material emitting most of the 4-to 5-m flux from Pillan, and covering 427 km 2 , was emplaced at an average rate of 254 -330 m 2 s Ϫ1 . About 3100 km 2 of flows were emplaced by C10 (with dimensions of 70 ϫ 50 km). The Pillan Patera caldera floor (see Figure 9 ) was covered between C10 (September 17, 1997) and E14 (March 29, 1998), representing another 2500 km 2 (65 ϫ 48 km). If the flows seen in C10 were emplaced in 97 days, the average rate of areal coverage is ϳ370 m 2 s Ϫ1 . If the flows were emplaced in the full interval between G7 and C10, 167 days, the average rate of areal coverage is 215 m 2 s Ϫ1 . The Pillan flows are, on average, ϳ8 -10 m thick [Williams et al., this issue] so this implies mass eruption rates (using thicknesses of 10 m) of 3700 m 3 s Ϫ1 if emplaced between C9 minus 15 days and C10 (99 days), and 2150 m 3 s Ϫ1 if emplaced between G7 and C10 (ϳ5 months). Given that volcanic mass eruption rate generally rises to a peak and then decreases as the eruption dies down [Wadge, 1981] , the maximum volumetric eruption rate during an eruption is most likely larger than any average mass rate that is calculated, possibly by an order of magnitude.
The Pillan volumetric eruption rate is greater than those implied for many other hot spots on Io. The eruptions at 14 hot spots observed by NIMS during G1 (June 28, 1996) produced volumetric eruption rates (assuming an average flow thickness of 1 m) of 7 to 79 m 3 s Ϫ1 , with an average of 33 m 3 s Ϫ1 [Davies et al., 2000b] , 2 orders of magnitude less than at Pillan during C9. The Pillan eruption rate derived from the IFM compares favorably to terrestrial basaltic eruption rates. Kilauea Iki had a maximum eruption rate of 100 m 3 s Ϫ1 (accompanied by spectacular fire fountains) and Kilauea and Mauna Loa have overall mass eruption rates of 2 to 600 m 3 s Ϫ1 and 10 to 1000 m 3 s Ϫ1 , respectively [Malin, 1980] . At the height of the largest witnessed terrestrial basaltic eruption at Laki, the eruption rate was 8700 m 3 s Ϫ1 [Thordarson and Self, 1993] . It may be that Pillan reached this rate at the height of its eruption. The Pillan mass and areal coverage rates are quite modest when compared to rates derived for the largest Io thermal outbursts, such the possible Loki 1990 eruption (dA/dt ϭ 10 5 m 2 s
Ϫ1
with an eruption rate of 1.7 ϫ 10 5 m 3 s Ϫ1 [Blaney et al., 1985] Figure 8. Temperatures and corresponding areas for Pillan, as determined by fits of the IFM to Galileo NIMS data. IFM input parameters for Pillan are given in Table 6 . Data from orbits C9 (June 28, 1997) and C10 (September 18, 1997) use two IFM components. Data from orbits G8 (May 7, 1997), C10, and C20 (May 2, 1999) are fitted using one IFM component. Minimum temperatures are also given in Table 7. and dA/dt ϭ 8.7 ϫ 10 4 m 2 s Ϫ1 with an eruption rate of 7.7 ϫ 10 5 m 3 s Ϫ1 [Davies, 1996] ). Flux/unit area (Q/A) values for Pillan are given in Table 4 and are lower than those at Pele, as expected for the two different styles of activity [Keszthelyi et al., 2001] Keszthelyi et al., 2001] ). On the basis of temperature distributions and areas the eruption at Pillan has a fundamentally different style from that seen at Pele with the emplacement of extensive lava flows during the 1997 eruption. The C9 IFM fit indicates that these flows may have been emplaced over a period as short as 15 days. The presence of an IFM component at high temperatures covering nearly 10 km 2 indicates, once again, that a vigorous eruption style is in evidence, with large areas of liquid lava exposed to space. "Hot component" candidates include fire fountains; a turbulently emplaced flow; a disrupted, overflowing lava lake; or a combination of these phenomena. The cooler component is indicative of extensive active flows. Indeed, daylight observations by SSI on orbit C10 revealed that new lava flows had been emplaced. The highest-resolution overview of these flows obtained in orbit E14 (March 29, 1998) (Figure 9 ) shows that these flows emanate from the extension of a fracture system rifting a nearby (unnamed) mountain [Keszthelyi et al., this issue] . The flows extend south from this fracture system to, and into, the Pillan caldera. An SSI eclipse observation in C10 showed two distinct hot spots at Pillan: one at the fissures where the lava presumably was being erupted and another where the flows cascaded over the rim of the Pillan caldera. Such a style of eruption has been observed on Earth: for example, the 1984 eruption of Krafla, Iceland, which consisted of an 8-km-long rift eruption that fed clastogenic flows that advanced away from the rift on a broad front. Plate 6 shows the 1969 eruption on Kilauea, which sent fountain-fed flows over the rim of Aloi crater. The disruption of the surface crust on the flows as they cascade over the rim of the crater would contribute to the extensive hot area observed by NIMS and SSI. Fire fountains feeding lava flows are a common feature of Hawaiian eruptions. It is likely that this eruption is akin in style to those observed possibly at Loki [Blaney et al., 1995; Davies, 1996] , an eruption observed by Stansberry et al. [1997] (although no extensive cooling flows were observed consequently), and the Tvashtar eruption imaged by SSI during orbit I25 in December 1999. Keszthelyi et al. [2001] categorize the Pillan 1997 eruption as a class type, "Pillanian," characterized by large areas of ballistically emplaced pyroclastics, short durations, and high effusion rates from fissures feeding openchannel or open sheet flows. 
Composition and Comparison With Terrestrial Lavas
On the basis of the inferred magma liquidus temperature of the C9 Pillan eruption (Ն1870 K) Williams et al. [2000] identified a potential terrestrial komatiite analog to the inferred Ionian ultramafic material [Williams et al., this issue] . Terrestrially, komatiites are found almost exclusively in Precambrian terrains, and geochemical analyses show that they have high magnesium contents (ϳ18 -32% [Arndt and Nisbet, 1982] ). Williams et al. [2000] found that the ϳ3.2-3.5 Ga [Wilson and Carlson, 1989; Lopez-Martinez et al., 1992] komatiite flows in the Commondale greenstone belt of South Africa, inferred to have erupted from hot (ϳ1880 K), Mg-rich (ϳ31% MgO) lavas, are the closest analog to Ionian ultramafic materials [Williams et al., this issue] . The Pele magmas have liquidus temperatures of at least 1600 K. This suggests a silicate liquid with 16.4% MgO, similar to terrestrial komatiitic basalts (12-18% MgO). Finally, full-disk color coverage obtained in I24 showed that the dark diffuse deposits surrounding Pillan displayed a 900-nm absorption, consistent with Mg-rich silicates, and suggesting the presence of silicates pyroclastics .
Conclusions
For the first time, an exhaustive study has been made from Galileo data of the thermal evolution of two very different volcanoes on Io. It is possible to constrain the emplacement style at different locations from the shape of the thermal emission spectrum and the way in which the spectrum changes with time. Different eruption styles, the manner in which lava is being emplaced, have different thermal evolutionary trends. At Pillan the thermal signature of the eruption is indicative of a violent eruption of high-temperature magma that led to the emplacement of thousands of square kilometers (and tens of cubic kilometers) of lava. The evolution of the thermal signature reveals the increasing area of the flows with time, coupled with the cooling of the emplaced material. The temperature of the Pillan lava is in the range associated with magnesium-rich (ultramafic) composition. If so, the Pillan is the first ultramafic eruption ever witnessed. With Pele, the lack of any great change in thermal signature, with a preponderance of thermal emission toward short NIMS and SSI wavelengths, indicates that the ongoing eruption is not generating extensive flows, producing cooling surfaces that NIMS would detect. The activity at Pele is confined in some way, probably topographically, Plate 6. Kilauea eruption. The disruption of the crust on the flows as they cascade into Aloi Crater during the 1969 eruption of Kilauea exposes the molten interior of the flows; along with fire fountains (a likely phenomenon on Io [Davies, 1996] ) and the resulting large surface flows, this process would create the thermal signature and short-wavelength flux observed by NIMS and SSI at Pillan from May to September 1997. The fire fountain in the background is ϳ30 m high. Photo by D. Swanson, U.S. Department of the Interior, U.S. Geological Survey.
thus preventing the emplacement of extensive flow fields like those seen at Pillan. The eruption signature of this continuously active volcano is what would be expected from an active lava lake, with the surface of the lake being continuously disrupted. The size of the Pele lava lake is greater than its terrestrial analogs, with a corresponding larger effusion rate. However, the thermal flux and mass flux per unit area of the Pele lake are similar to several terrestrial lava lakes. In particular, the thermal flux per unit area is similar to that from Kupaianaha, Hawai'i, during periods of vigorous activity. The magma temperature at Pele is at least 1600 K: If close to this temperature, it implies a different composition from the material erupted at Pillan, only 300 km away.
Finally, it is interesting to consider just why the C9 NIMS-SSI combined data set was so valuable: A somewhat serendipitous set of circumstances was required to enable the determination of magma temperatures and eruption style from these data. Observations were, by design, made in darkness to avoid contamination of the thermal signal by sunlight. There was a major eruption taking place at Pillan that was probably close to its peak during C9. Observations of eruptions on this scale are relatively rare on Io, at least as seen by Galileo (although not as rare as Io's outbursts), so NIMS and SSI were fortunate to see the eruption at the early, most vigorous stage of magma emplacement. The NIMS observation was not saturated at any wavelength. The SSI observation was (at the time) a rare dualfilter observation, and although saturated, an unplanned slew streaked out the thermal emission in the SSI observation allowing determination of output [see McEwen et al., 1998a] . The NIMS and SSI observations were obtained very close together in time (8 min), an important point as terrestrial fire fountain episodes (a style of eruption that might yield a thermal spectrum similar to the short wavelength C9 NIMS data) generally only last on the order of a few hours. Determining the eruption temperature of the Pillan lavas required an intimate knowledge of the thermal emission history of Pele, and even then, it was only possible to remove the Pele flux (isolating Pillan) because Pele displays the most consistent thermal emission of any hot spot in the Galileo data set yet analyzed. The style of eruption at Pillan was vigorous enough to produce large enough areas at high (magma liquidus) temperatures so as to allow detection of these components by SSI. Context imagery showed the emplacement of flows at Pillan Patera in subsequent orbits after C9. Finally, a silicate cooling model [Davies, 1996] was used to fit the combined NIMS-SSI data set, constraining magma temperature. This combination of both planned and fortuitous circumstances not only resulted in the C9 observations of Pele and Pillan Patera being especially valuable in terms of scientific content (having yielded magma temperatures, thermal/area fluxes, and, due to measurement of flow thickness, mass eruption rates and mass/area fluxes) but also revealed what is ideally required for future observations in order to maximize the value of combined NIMS-SSI data sets.
Notation
C L latent heat capacity of lava, J kg Ϫ1 . c p specific heat capacity of lava, J kg Ϫ1 K Ϫ1 . ⌬f crystallized fraction of cooled lava. ⌬T amount of magma cooling, K. M mass flux to maintain thermal output of lake, kg s Ϫ1 . Q conv convective heat flux from lake, W.
Q rad radiative heat flux from lake, W.
